Aims Long QT syndrome (LQTS) is a heterogeneous collection of inherited cardiac ion channelopathies characterized by a prolonged electrocardiogram QT interval and increased risk of sudden cardiac death. b-Adrenergic blockers are the mainstay of treatment for LQTS. While their efficacy has been demonstrated in LQTS patients harbouring potassium channel mutations, studies of b-blockers in subtype 3 (LQT3), which is caused by sodium channel mutations, have produced ambiguous results. In this modelling study, we explore the effects of b-adrenergic drugs on the LQT3 phenotype. Methods and results In order to investigate the effects of b-adrenergic activity and to identify sources of ambiguity in earlier studies, we developed a computational model incorporating the effects of bagonists and b-blockers into an LQT3 mutant guinea pig ventricular myocyte model. b-Activation suppressed two arrhythmogenic phenomena, transmural dispersion of repolarization and early after depolarizations, in a dose-dependent manner. However, the ability of b-activation to prevent cardiac conduction block was pacing-rate-dependent. Low-dose b-blockade by propranolol reversed the beneficial effects of b-activation, while high dose (which has off-target sodium channel effects) decreased arrhythmia susceptibility. Conclusion These results demonstrate that b-activation may be protective in LQT3 and help to reconcile seemingly conflicting results from different experimental models. They also highlight the need for well-controlled clinical investigations re-evaluating the use of b-blockers in LQT3 patients.
Introduction
Inherited long QT syndrome (LQTS) is a cardiac genetic disease that leads to a prolonged QT interval and increased arrhythmia susceptibility. b-Adrenergic blocking drugs have been shown to suppress arrhythmias in patients with LQT subtypes 1 and 2, [1] [2] [3] [4] [5] which are caused by mutations in cardiac potassium channels. [6] [7] [8] However, trials of b-blockers in patients with subtype 3 of LQTS (LQT3) have not yielded the same beneficial results.
The pathophysiology of LQT3 differs from types 1 and 2, in that a mutation in the SCN5A-encoded sodium channel leads to sustained depolarizing sodium current that prolongs the action potential. [9] [10] [11] One study comparing cardiac event rates before and after b-blocker treatment initiation in a small group of LQT3 patients found no significant difference in rates, 4 and a second trial found a sustained high cardiac event rate during b-blocker treatment. 5 However, these studies had very low numbers of LQT3 subjects; therefore, definitive conclusions about the benefit or harm of b-blocker treatment of LQT3 patients could not be established.
Investigations of the effects of the b-adrenergic agonist isoproterenol on isolated guinea pig myocytes 12 and canine wedge preparations 13 treated with toxins to simulate LQT3 have shown that b-adrenergic stimulation can induce a beneficial decrease in two factors thought to contribute to arrhythmogenesis: prolonged action potential duration and increased transmural dispersion of repolarization (TDR). The b-blocker propranolol was shown to reverse these benefits. 13 Studies of isoproterenol-induced ventricular tachycardia (VT) in mouse models of the DKPQ LQT3 mutation have produced varying results. One study showed that isoproterenol can protect against the development of VT, 14 whereas a second study showed no effect of isoproterenol on VT induction. 15 Importantly, the pacing protocols used in these two studies differed substantially. Collectively, these studies suggest that in single cells and isolated tissue, b-adrenergic simulation may be beneficial in LQT3. However, whole mouse heart studies have demonstrated ambiguous results in regards to the effects of b-adrenergic activity on VT induction. 14, 15 In order to further investigate the efficacy of b-modulation in LQT3 and to identify sources of ambiguity in earlier studies, we have developed a computational model that incorporates a description of the human DKPQ LQT3 mutation and the effects of b-adrenergic stimulation and blockade into the Faber-Rudy 16 model of the guinea pig cardiac ventricular myocyte. This model enables investigation of the pharmacology and pathophysiology of LQT3 mutant channels in the context of a human-like action potential.
Theoretical modelling approaches enable a comprehensive examination of a variety of factors such as pacing rates and ligand concentrations that may have contributed to the conflicting results obtained by different groups investigating VT in mouse models of LQT3. Also, by modelling a variety of drug doses, the dose-dependency of drug-induced phenomenon can be explored and the differential effects of on-target and off-target drug binding can be separated. Specifically, it has been shown that high-dose propranolol can block sodium channels [17] [18] [19] in addition to its wellestablished b-blocking effects.
The simulations presented in this study demonstrate that b-adrenergic activation can decrease the susceptibility of model of LQT3 cells and transmural fibres to two major hypothesized arrhythmogenic triggers: 20 early after depolarizations (EADs) and increased TDR. However, the ability of isoproterenol to prevent conduction block was dependent on the pacing method used to evoke block. Finally, the b-blocker propranolol was only efficacious in the treatment of LQT3 when given at a dose that was high enough to produce off-target blockade of sodium channels.
Methods

Single cell model
The Faber-Rudy 16 version of the Luo-Rudy 21 guinea pig model incorporating the Dumaine 22 model of the transient outward current, I to , was used as the basic model. A guinea pig model was chosen so that our simulated action potentials could be validated by comparison to the guinea pig experimental results reported in ref. 12 . Also, studies have demonstrated that the model is capable of realistically producing LQT3 mutation-induced EADs, 23 unlike some other ventricular myocyte models. 24, 25 Epicardial, mid-myocardial, and endocardial cells were created by varying the maximal conductance of the slow outward potassium current, I Ks , by a ratio of 0.433:0.125:0.289 (Endo:Mid:Epi). 26 I to was varied by a ratio of 0:0.2125:0.25 (Endo:Mid:Epi). 22, 27 A previously published Markov description of the DKPQ mutant sodium channel (or a wild-type channel) 28 was incorporated into the model. 
Isoproterenol model
A comprehensive model of b-adrenergic signalling in cardiac myocytes 30 was used to evaluate the effects of isoproterenol on different sarcolemmal currents. The model computed the fraction of phosphorylated:non-phosphorylated L-type calcium channels (Frac ICa,L-p ) and phosphorylated:non-phosphorylated outward potassium channels (Frac IK-p ) in response to a given concentration of isoproterenol. (The fractions of rapid and slow outward potassium, I Kr and I Ks , phosphorylation were set to be equivalent. 31 ) Baseline Frac ICa,L-p was assumed to be 0.23, whereas baseline Frac IK-p was assumed to be 0.13. These fractions were then used to compute scaling factors that modify the corresponding Faber-Rudy currents to account for influences of b-adrenergic activation. 23, 32 The scaling factor A was calculated using:
The ratio of the maximum channel conductance in the phosphorylated to non-phosphorylated state for potassium channels (g K-p :g K-np ) was 1.65 23 . Scaling factor A was used to modify the standard I Kr and I Ks equations as follows:
where I Kr * and I Ks * are the currents that have been modified to incorporate the effects of isoproterenol. Scaling factor B was calculated using:
The ratio of maximum channel conductance in the phosphorylated to non-phosphorylated state for calcium channels (g Ca-p :g Ca-np ) was 1.62. Scaling factor B was used to modify the standard I Ca,L equation as follows:
where I Ca,L * is the L-type calcium current that has been modified to incorporate the effects of isoproterenol.
Propranolol model
In order to investigate the effects of propranolol on the cardiac ventricular myocyte, two concentrations of propranolol were modelled. At a low dose (33 nM), 50% of the maximal cAMP generation through the b-adrenergic receptor is suppressed. 33 This dosage was simulated by calculating the half-maximal cAMP value in response to 1 mM isoproterenol, and then computing factors A and B that correspond to this cAMP value. High-dose (3 mM) and very high-dose (33 mM) propranolol models were also created. At high and very high doses, complete b-adrenergic receptor blockade was assumed.
The sodium channel blocking effects of propranolol were also incorporated into the Markov model of the DKPQ sodium current. It has been reported in an abstract 18 that propranolol acts as both an inactivatedstate (tonic) sodium channel blocker (K d = 37.6 mM) and an open-state (use-dependent) sodium channel blocker (K d = 2.9 mM). Using an approach that has previously been used to model sodium channel block by other drugs, 34 . The reverse transition rates differ between the types of block and are given by: K d * 1 Â 10 5 ms
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. Action potentials were evoked with suprathreshold stimuli of 0.5 ms duration. For numerical integration of the model equations, we used a forward Euler scheme with a time step of 0.01 ms.
Transmural cable simulations
One-dimensional transmural fibre simulations were performed. The 1.65 cm cable was constructed of the model cells described above. One hundred and sixty-five cells were linked together by gap junctions. Cells 1-60 were endocardial, 61-105 were mid-myocardial, and 105-165 were epicardial. Gap junction conduction was 1.73 mS throughout the cable except at the M-cell to epicardial cell transition zone where there was a five-fold decrease in gap junction conductance in cells 104-107. 27 Simulations were solved as in ref. 36 . TDR in the one-dimensional cables was measured by taking the difference between the action potential durations (APDs) of cell 83 (in the middle of the M-cell region) and cell 154 (in the epicardial region). All cables were paced from the endocardium for at least 100 beats prior to the start of each experiment.
Results
Effects of isoproterenol on APD and currents
To demonstrate the effects of both the DKPQ mutation and isoproterenol, we simulated wild-type, DKPQ, and DKPQ/ isoproterenol-treated model endocardial cells at a basic cycle length (BCL) of 500 ms and measured action potential duration and major currents (Figure 1) . The DKPQ mutation prolonged the APD to 90% repolarization (APD 90 ) from the wild-type 158.3 to 179.1 ms. One micromolar of isoproterenol shortened the mutant APD 90 to 165.9 ms ( Figure 1A) . Performing our simulations in a guinea pig ventricular model allowed us to confirm that these findings are consistent with earlier experimental data from isolated toxin-treated guinea pig myocytes. 12 In our model, the DKPQ mutation produced a persistent sodium current that was absent in wild-type cells ( Figure 1B ). This sodium current prolongs the action potential. Peak I Ca,L , I Kr , and I Ks are all increased by treatment with 1 mM isoproterenol ( Figure 1C-E) . A recent investigation of a cellular model of LQT3 demonstrated that augmentation of I Kr could be anti-arrhythmic. 37 
Isoproterenol decreases APD 90 and suppresses the development of early after depolarizations
Prolongation of the action potential in LQT3 cells was more pronounced at slower heart rates. In order to investigate the effects of isoproterenol on rate-dependent APD Figure 1 Isoproterenol can reverse DKPQ mutation-induced action potential durations (APD) prolongation and early after depolarization (EAD) formation. (A-E) Wild-type (grey), DKPQ (black), and 1 mM isoproterenol-treated DKPQ (dashed) endocardial model myocytes were paced at a basic cycle length (BCL) of 500 ms for 200 beats. APD was prolonged in the mutant cell; this prolongation was partially reversed through treatment with isoproterenol (A). The DKPQ mutation causes a late sodium current (B). I Ca,L (C), I Kr (D), and I Ks (E) are all affected by isoproterenol treatment. (F-H) Mid-myocardial (black), endocardial (red), and epicardial (blue) cells were paced with a dynamic restitution protocol in the presence (dashed) and absence (solid) of 1 mM isoproterenol. Wild-type (F), heterozygous DKPQ mutant (G), and homozygous DKPQ mutant (H) cells were examined. Pacing began at a BCL of 1500 ms and was decreased by 100 ms after 50 beats at each BCL until a final BCL of 400 ms was reached. Only BCLs where no EADs occurred are plotted. Conditions where an EAD occurred were further examined by performing a second pacing protocol that began at the last tested BCL where EADs occurred. A BCL range of 100 ms was then probed in 10 ms increments with 50 beats at each step.
accommodation, a dynamic restitution protocol was performed. Cells were paced at a starting BCL of 1500 ms, and every 50 beats, the BCL was decreased by 100 ms until a BCL of 400 ms was reached. Then, if an EAD was present in the initial experiment, a second dynamic restitution protocol was performed with 10 ms BCL steps that spanned the 100 ms window at the transition from the presence to absence of EADs in order to accurately locate the first EAD-free BCL.
In the wild-type case, all three cardiac cell types (epicardial, endocardial, and mid-myocardial) demonstrated reduced APD 90 in response to 1 mM isoproterenol at all BCLs examined ( Figure 1F) . Heterozygous (DKPQ +/2) cells showed a more pronounced reduction in APD 90 in response to isoproterenol ( Figure 1G Figure 1G by the absence of APD 90 values for BCL .730 ms), while isoproterenol-treated M-cells only developed EADs at BCLs longer than 1050 ms. This large isoproterenol-induced increase in the EAD-free BCL window could substantially decrease the arrhythmogenicity of LQT3 cells. In homozygous (DKPQ 2/2) cells, isoproterenol shortened the APD 90 and enlarged the EAD-free BCL window in all three cell types ( Figure 1H) .
Isoproterenol increased the EAD-free BCL window in mutant cells in a dose-dependent manner (Figure 2A-C) . The range of isoproterenol doses used includes those used in earlier experimental studies. 12, 13 Even low (1 nM) and intermediate (0.01 mM) doses were successful in prolonging the BCL where an EAD first occurred. In endocardial cells, isoproterenol doses of 0.01 mM and higher successfully prevented the development of EADs at every BCL examined.
In transmural cables, isoproterenol decreases transmural dispersion of repolarization and prevents early after depolarization formation
In order to investigate the effects of isoproterenol on tissues, transmural cables, which contained endocardial, mid-myocardial, and epicardial cells, were paced at a BCL of 1000 ms. Untreated DKPQ cables ( Figure 3B) showed APD prolongation when compared with wild-type cables ( Figure 3A ) in all cell types, with the most pronounced prolongation occurring in the M-cell region. (APD 90 of cell 83 in the M-cell domain was 183.0 ms in wild-type and 269.4 ms in untreated DKPQ.) Treatment of the DKPQ cable with 1 mM isoproterenol reduced the APDs of all cell types ( Figure 3C ). (APD 90 in the M-cell domain of treated cables was reduced to 209.8 ms). At a BCL of 1500 ms ( Figure 3D-F) , in addition to reducing APDs, isoproterenol was able to suppress the development of EADs in the endocardial region of mutant cables.
Mutant, untreated cells demonstrated a large increase in TDR ( Figure 4A ). This increase was rate-dependent, with larger increases happening at slower pacing rates. Isoproterenol was able to reduce TDR at BCLs of both 1000 and 1500 ms. These decreases in TDR are consistent with earlier experimental findings in canine wedge preparations of drug-induced LQT3 syndrome. 13 
Isoproterenol modulates the effects of premature stimuli on mutant cables
In order to understand how isoproterenol may decrease arrhythmogenesis in a mutant cable, a number of different pacing protocols were examined. First, the vulnerable window for 'failure to capture' by an S2 stimulus from the endocardium was quantified ( Figure 4B ). Failure to capture resulted when a local depolarization due to a stimulus occurred in the first few cells of the cable but did not trigger an action potential. In a mutant cable paced at 1000 ms, a premature stimulus given ,274 ms after the original stimulus will fail to capture. However, in the presence of isoproterenol, an S2 stimulus given at least 234 ms after the S1 stimulus will capture and propagate the entire length of the cable. Isoproterenol reduces the vulnerable window for failure to capture even more substantially at a BCL of 1500 ms. Clinically, failure to capture may set up a cardiac substrate capable of sustaining re-entrant arrhythmias.
Next, the development of conduction block in untreated mutant cables was investigated. Conduction block occurs when an action potential is triggered at the stimulus site (unlike in failure to capture) but fails to propagate down the entire length of the cable. Conduction block can increase susceptibility to lethal arrhythmias such as ventricular fibrillation by increasing gradients of repolarization in the heart. 38 Figure 2 Isoproterenol increases the early after depolarization (EAD)-free BCL window in a dose-dependent manner. Endocardial (A), mid-myocardial (B), and epicardial (C ) homozygous DKPQ mutant cells were paced with a dynamic restitution protocol as described for Figure 1 in the presence of varying concentrations of isoproterenol. The range of EAD-free BCLs is indicated by the black bars.
We first tried to induce conduction block through application of one premature stimulus. An S2 stimulus given at the endocardium 273 ms after the original stimulus results in failure to capture (see Supplementary material online, Figure S1A ). If the S2 stimulus is given just 1 ms later (see Supplementary material online, Figure S1B ), an action potential fires and is able to propagate the entire length of the cable. Rather than blocking as one may expect in the M-cell domain, which has a prolonged APD, the conduction velocity of the wave slowed considerably as it passed into and through the M-cell region and then increased again upon exiting the region. This 'slow and go' behaviour has been seen in other mutant one-dimensional model simulations. 39 In fact, when a single S2 endocardial stimulus was given, block never occurred.
Because we could not evoke conduction block with one S2, we stimulated the cable with a train of 10 premature S2 stimuli from the endocardium. As multiple stimuli are applied, repolarization gradients form across the cable, and eventually conduction block occurs ( Figure 5) . In order to accurately compare block in the treated and untreated states, rather than measuring the timing of our S2 stimulus based on an interval since the S1 stimulus, we timed our S2 stimulus to be given a set interval after repolarization of the previous action potential.
In the untreated, mutant case, if the S2 stimulus is given 40 ms after repolarization of the previous beat, the sixth beat blocks ( Figure 5A ). However, in the presence of isoproterenol ( Figure 5B ), block never occurs with an S2 interval of 40 ms.
The results of experiments at several different S2 intervals are summarized in Figure 5C . At short intervals (25 ms) in both the treated and untreated case, the first two action potentials propagate the entire length of the cable (black circles). However, beat 3 in the treated case and beat 4 in the untreated case fail to capture (i.e. the local depolarization is unable to fire an action potential; white triangles). Isoproterenol-treated cells have shorter action potentials, and therefore, the gates of the sarcolemmal channels have less time to recover from inactivation before the S2 stimulus; therefore, at very short S2 intervals, failure to capture occurs more easily in treated cables.
At slightly longer intervals (30 ms), block (grey squares) occurs in both the treated and untreated cables at the same beat numbers (4 and 8). At a 35 ms S2 interval, block occurs at both beats 4 and 8 in untreated cables, but only at beat 6 in treated cables. Finally, at a 40 ms interval, isoproterenol completely suppresses block in the mutant cable. This phenomenon of rate-dependent variation in the ability of isoproterenol to prevent mutation-induced block may account for some of the conflicting results seen by groups using different pacing protocols to evoke arrhythmias in experimental models of LQT3.
3.5 Low-dose propranolol worsens the LQT3 phenotype, whereas high-dose propranolol is beneficial b-Blockers, such as propranolol, are the first-line treatment for LQT patients; therefore, we simulated the effects of propranolol on APD and TDR. As seen in Figures 1-4 , isoproterenol can ameliorate mutation-induced increases in APD, TDR, and EAD formation. When low-dose propranolol (33 nM) is given in addition to isoproterenol, it has the detrimental effects of increasing both APD and TDR ( Figure 6A-D) . However, when a higher dose (3 or 33 mM) of propranolol was given, both APDs and TDR decreased, due to blockade of the late sodium current that causes the DKPQ phenotype (data not shown).
Discussion
Efficacy of b-blockers in LQT3 patients has not been demonstrated. 4, 5 Early experimental studies indicated that b-adrenergic activation may actually be protective in LQT3. 12, 13 The proposed mechanism of arrhythmogenesis in LQT3 is that mutation-induced late sodium current leads to APD prolongation that can trigger the development of EADs, which in the context of increased TDR can lead to the development of re-entrant arrhythmias. 20 To date, experiments investigating LQT3 have either used toxin-treated guinea pigs or dogs 12, 13, 40 or genetically engineered mouse models of specific LQT3 mutations.
14,15 While these systems have provided valuable insights, they both Figure 4 Isoproterenol decreases transmural dispersion of repolarization (TDR) and the vulnerable window for failure to capture by an S2 stimulus. The DKPQ mutation increased TDR in a transmural cable. One micromolar of isoproterenol partially reversed this increase (A). The vulnerable window for failure to capture by an S2 stimulus was measured in mutant cables in the presence and absence of isoproterenol at BCLs of 1000 ms (grey) and 1500 ms (black) (B). Failure to capture was defined as a stimulus that failed to evoke an action potential. Figure 5 The ability of isoproterenol to protect against conduction block depends on the S2 pacing interval. DKPQ mutant cables paced at a BCL of 1500 ms were given 10 S2 stimuli at intervals varying from 25 to 40 ms after repolarization of the previous action potential. At an interval of 40 ms, block occurs at the 6th beat in an untreated cable (A) and 1 mM isoproterenol protected against block at this interval (B). The results of experiments at several pacing intervals in the presence and absence of isoproterenol are summarized in (C ). Black circles indicate beats where cable-wide propagation occurred; open triangles indicate beats where failure to capture occurred, and grey squares indicate beats where conduction block occurred.
have serious limitations. Namely, toxins will not perfectly recreate the behaviour of specific LQT3 mutations, while mouse and human cardiac electrodynamics differ significantly. 41 Experimental studies examining the effects of isoproterenol in mouse models of LQT3 have yielded conflicting results. Our results suggest that pacing protocol differences contributed to these different outcomes. We demonstrated that when multiple premature stimuli were applied to a mutant model cable at some pacing intervals (i.e. 30 ms), there was no difference in the pattern of conduction block between isoproterenol-treated and untreated cables. However, at slightly longer S2 intervals, isoproterenol protected against the development of conduction block ( Figure 5 ). This result suggests that the anti-arrhythmic effects of isoproterenol in LQT3 syndrome are pacingpattern-dependent.
Our simulations also demonstrate that differences in b-blocker concentrations can complicate interpretations of experimental studies of adrenergic activity in LQT3 syndrome. While the study of ref. 42 suggests that degree of sodium channel block by propranolol can affect arrhythmogenesis, it does not explicitly compare the b-adrenergic and sodium-channel blocking effects of propranolol on LQT3 myocytes. In order to investigate these distinct effects, we created both low (b-adrenergic blocking) and high (b-adrenergic and sodium channel blocking) dose propranolol models. In mutant transmural cable models, low-dose propranolol increased arrhythmogenicity by increasing APDs and TDR; however, higher doses of propranolol were able to decrease both APD and TDR ( Figure 6 ). This finding is consistent with data that shows that 40% of the patients with propranolol-responsive ventricular arrhythmias (due to a variety of causes) require doses that are significantly higher than those known to block b-receptors. 43 The level of adrenergic stimulation in LQT3 patients during cardiac events is unknown. Presumably because many events happen during times of rest, sympathetic activation levels are lower than during events in LQT1 and LQT2 patients, which often occur during periods of excitation. By modelling a wide range of isoproterenol concentrations, we have tried to capture the variety of endogenous b-adrenergic stimulation levels. Also, even during sleep, there can be substantial levels of adrenergic stimulation in humans. 44 Our results indicate that even at low levels of b-adrenergic activation, isoproterenol could protect against the development of arrhythmogenic triggers (i.e. EADs and increased TDR) in LQT3 cells (Figures 1 and 2) .
As in all modelling investigations, a limitation of this study is that our model may be overly simplistic and may not fully recreate all aspects of cardiac electrodynamics. For example, our model only includes ventricular myocardial cells; however, it has been suggested that LQT arrhythmias may actually be triggered in the Purkinje fibres. 45 Future modelling studies of LQT3 could incorporate both ventricular and Purkinje model cells.
In summary, we investigated the effects of b-adrenergic agonists and antagonists in LQT3 syndrome using a mathematical model of a human-like ventricular myocyte (e.g. a guinea pig myocyte model) that incorporates the DKPQ mutant sodium current. We found that isoproterenol can decrease the arrhythmogenicity of LQT3 mutant cells and transmural cables by decreasing APD and TDR and suppressing EAD development. However, the ability of isoproterenol to prevent conduction block depended on the pacing protocol used. This result implicates pacing differences as one major cause of ambiguity in previous experimental studies of isoproterenol in LQT3 syndrome. Low-dose propranolol was shown to worsen the LQT3 phenotype, whereas high dose that also blocked sodium channels was beneficial.
The modelling results presented in the study could inform future clinical investigations. Specifically, a larger randomized controlled trial of b-blockers in the treatment of LQT3 patients is needed. These findings suggest that in addition to a control group, such a study should include a low-dose propranolol group, a high-dose propranolol group, and a group receiving a b-blocker that does not have any known off-target sodium channel effects. In addition to anti-arrhythmic efficacy, it would be important to monitor confounding variables such as serum drug levels, heart rate, and level of sympathetic activity. Finally, findings about the effects of b-adrenergic modulation in LQT3 may provide insights into other more common conditions where late sodium current has been implicated to contribute to disease pathogenesis, such as ischemia-reperfusion injury. 46 Figure 6 Low-dose propranolol worsens the LQT3 phenotype, but higher doses can decrease both APD and transmural dispersion of repolarization (TDR). Isoproterenol-treated mutant transmural cable models were paced at a BCL of 1000 ms, and treated with 0 mM, 33 nM, 3 mM, or 33 mM propranolol. APD 90 in the endocardium (cell 10) (A), mid-myocardium (cell 83) (B), and epicardium (cell 154) (C ) were measured. TDR (D) was measured as in Figure 4 .
